In this paper, we analyze the combined influence of the interchannel and intersymbol interferences, which result from the time variation and delay spread of mobile channels, on the performance of an orthogonal frequency-division multiplexing (OFDM) system. Both analysis and simulation results are presented for uncoded 16-QAM. We also investigate the performance of a Reed-Solomon (RS) coded 16-QAM OFDM system when the number of subcarriers varies: it is observed that there is an optimum number of subcarriers that minimizes the post decoding symbol error probability of the RS code for each channel state.
Performance Analysis of a Coded OFDM System in Time-Varying Multipath Rayleigh Fading Channels I. INTRODUCTION I N THE CURRENT and future mobile communications systems, data transmission at high bit rates is essential for many services such as video, high-quality audio, and mobile integrated service digital network (ISDN) . When the data is transmitted at high bit rates over mobile radio channels, the channel impulse response can extend over many symbol periods, which leads to intersymbol interference (ISI).
Orthogonal frequency-division multiplexing (OFDM) is one of the effective techniques to mitigate the ISI. The main idea is to send data in parallel over a number of spectrally overlapping temporally orthogonal subchannels [1] . A method to reduce the ISI in OFDM is to increase the number of subcarriers by reducing the bandwidth of each subchannel while keeping the total bandwidth constant [2] . However, the time variation of the channel results in more interchannel interference (ICI) for a larger number of subcarriers. The ISI can instead be eliminated by adding a guard interval at the cost of power loss and bandwidth expansion [3] . In [1] , an OFDM system was introduced in mobile channel and its performance was investigated in the flat fading case. The ICI of an OFDM system in a time-varying multipath fading channel was analyzed under the assumption that the guard interval eliminated the ISI perfectly [4] . In [5] , the interference power was obtained without considering modulation schemes and error correction when the receiver and transmitter were not perfectly synchronized. Bit-error rate performance of a coherent pilot symbol aided -QAM OFDM was also investigated in the case of a time-selective channel and one single path reception [6] . In these studies, however, the effects of the delay spread, time variation, bandwidth expansion due to the guard interval, and coding on the performance of the OFDM system were not considered at the same time.
In this paper, we analyze the ISI and ICI of an OFDM system when the guard interval does not eliminate the ISI perfectly in a time-varying multipath Rayleigh fading channel. In the analysis, we use the discrete-time model using discrete Fourier transform (DFT) and inverse DFT (IDFT) as in [4] which is different from the interference model in [5] . To verify the result, both computation and simulation results are presented for the 16-QAM OFDM. Then, the effects of the bandwidth expansion due to the guard interval and coding are compromised in the Reed-Solomon (RS) coded 16-QAM OFDM system. Keeping the total bandwidth fixed, we compare the post-decoding symbol error probability (SER) of the RS code as the number of subcarriers varies. In the investigation, we assume that the information rate and total bandwidth expansion (due to coding, guard interval, and a number of subcarriers) are fixed. It is observed that there is an optimum number of subcarriers for each channel state.
II. SYSTEM MODEL
The baseband equivalent discrete-time complex-valued model of the system considered in this paper is depicted in Fig. 1 . Input data streams are coded at the code rate and mapped onto one of the symbols by the symbol generator. The symbol generator outputs complex symbols of duration . The set is the set of symbols to be modulated by the -point IDFT onto subchannels in the th block interval. These symbols are assumed to be 0018-9545/99$10.00 © 1999 IEEE independent and identically distributed (i.i.d.). After a guard interval is appended to reduce the ISI between blocks [4] , the transmitted sequence of the th block can be written as for (1) where the first elements , constitute the guard samples. The sampling time of the sequence should be decreased as to transmit the data at the same information rate. Since coding at the code rate expands the system bandwidth by and the guard interval expands it by , the total bandwidth expansion ratio of the system is (2) If is assumed to be zero for and , the total transmitted (baseband) sequence may be written as
The channel model used in this system is a tapped delay line model with time-varying coefficients and fixed tap spacings [7] . If the multipath delay spread does not exceed , the channel output with additive white Gaussian noise (AWGN) is written as (4) where the channel is assumed to be a wide-sense-stationary uncorrelated scattering (WSSUS) Rayleigh fading channel.
The received sequence is rearranged block by block as for . Here, we assume that because may be longer than the guard interval : if , the th block has an interference component from the th block, and if , the guard interval eliminates the interference completely. The th block sequence, after removing the first guard samples, is written as
where The demodulator performs DFT on , producing the output for (6) Here, represents the transmitted signal through the th subchannel during the th block interval. Based on , the symbol detector makes a decision about which symbol is transmitted over the th subchannel. The detector outputs are then decoded at the decoder.
III. PERFORMANCE ANALYSIS OF THE OFDM SYSTEM
The DFT output (6) can be separated into the signal component with multiplicative noise, interferences, and AWGN, as for (7) where (8) is the fading term over the th subchannel (9) is the interference from other subchannels in the same block (10) is the interference from the adjacent blocks, and (11) is the AWGN of the th subchannel. We will call and the interchannel interference (ICI) and intersymbol interference (ISI), respectively.
The tap coefficients are samples from an independent zero-mean complex Gaussian random process. Therefore, the fading term is a zero-mean complex Gaussian random variable, i.e., each subchannel is a Rayleigh fading channel. The noise is also white Gaussian because it is the sum of white Gaussian random variables. The random variables
and are not easy to analyze exactly because they are the sums of many interferences which are not independent in general. Because the symbols are i.i.d. and have mean zero and variance (the symbol energy), interferences are at least uncorrelated and the means of and are zero. We will thus model and as Gaussian random variables to obtain the performance bound: of all additive noise processes with fixed variance and mean, independent Gaussian noise results in the smallest capacity [8] .
Under the isotropic scattering assumption, the autocorrelation of the tap coefficients is (12) where is the expectation operator, is the power of the th channel tap, and is the zeroth-order Bessel function. The maximum Doppler frequency is related to the velocity of movement and the wavelength of the carrier by . The variance of can then be derived as (13) where is the effective symbol energy taking into account the transmission power loss due to the guard interval. The variances of and can similarly be calculated as (14) and (15) respectively. The variance of the AWGN does not change after DFT and is given by (16) where is the one-sided power spectral density of the AWGN.
If we assume that is estimated perfectly, the SER or bit-error probability (BER) of various modulation schemes can be derived with the average signal-to-noise ratio (SNR) (17)
The average SNR without AWGN is plotted when in Fig. 2 . We assume the exponential multipath profile [9] known to characterize a mobile radio channel well. Then, the variance of the tap coefficients can be written as , for , where is a constant that normalizes the sum of variances such that . It is assumed in this figure that s (that is, the total bandwidth is 200 kHz),
, and the mean delay spread is (these parameters are used for all the results in this paper). When the guard interval is not added, i.e., when , the average SNR is very small due to the ISI caused by the delay spread. As we increase the guard interval, the average SNR increases. When 25 s , the ISI from the adjacent block is eliminated completely and only the ICI remains. In such a case, the average SNR decreases rapidly with . Using the average SNR, let us investigate the performance of the Gray-mapped 16-QAM OFDM system. The BER averaged over Rayleigh fading is [10] (18) where and in (17) is changed to with the energy per bit. The BER found analytically for the 16-QAM OFDM system is shown along with the simulation results for various in Figs. 3 and 4 when and 15 dB, respectively. Two extreme cases, where no guard interval is added and the guard interval eliminates the ISI perfectly , are examined at the pedestrian and high mobile speed. We use a carrier frequency of 910 MHz, resulting in maximum Doppler frequencies of 5 Hz and 90 Hz for a person walking at 6 km/h and a vehicle moving at 100 km/h, respectively. Monte Carlo method is used for the simulations with 5 million runs for each point and the Jakes model [9] is used to simulate the channel model. We assume coherent channel estimation for the detection of 16-QAM signals. To accelerate the simulations, FFT and IFFT are used for DFT and IDFT, respectively.
The results show that the BER obtained analytically upperbounds that obtained from simulations, and they both show a similar performance tendency. Without a guard interval, the ISI decreases and the ICI increases due to the time variation of the channel as increases. In this case, information rate is constant at kb/s for various . With a guard interval, when , the performance deteriorates as increases. It should be noted, however, that the information rate changes with as due to the guard interval: and kb/s for and respectively. If we fix the information rate and total bandwidth, we can use lower rate coding for larger and the performance can be improved after decoding.
IV. PERFORMANCE OF AN RS CODED 16-QAM OFDM SYSTEM
The post decoding SER of an RS code is given by [7] (19) where is the RS SER before decoding and is the error correction capability of the RS code. The error correction capability can be found from (2) , where , as the numbers of subcarriers and guard samples vary. If we use the RS code of block size 255, one RS symbol is mapped onto two 16-QAM symbols. If we assume that 16-QAM symbols are perfectly interleaved, the RS SER before decoding is written as (20) where is the 16-QAM SER and (21) for Gray-mapped 16-QAM symbols. Although perfect interleaving is quite difficult to realize in practice, we can get the performance bound with this assumption. Moreover, the performance of interleaving can be improved in a slow varying channel by interleaving symbols not only in time domain but also in frequency domain. and for and respectively. We can see that there exists an optimum number of subcarriers that minimizes the post-decoding SER of the RS code for fixed total available bandwidth. This results from the tradeoff between the performance degradation due to increased ICI and the performance improvement due to increased errorcorrection capability of RS code as the number of subcarriers increases. Another observation from these figures is that, when the total available bandwidth is fixed, we should give first priority to the guard interval. The number of subcarriers has a significant influence on the performance when the mobile speed is high: a careful choice of the number of subcarriers is thus demanded in high mobile-speed environments.
Figs for high mobile speed (assuming the estimation of speed is possible), the performance can be improved considerably at the cost of some complexity compared to the case when we fix or irrespective of the speed.
V. CONCLUSION
In this paper, we first analyzed the combined effects of the ICI and ISI on the performance of OFDM systems in a time-varying multipath Rayleigh fading channel. To verify the result, the performance of a 16-QAM OFDM system was examined by analysis and simulation. Without a guard interval, the ISI decreased and the ICI increased as the number of subcarriers increased. In the case of perfect ISI elimination with a guard interval, the performance deteriorated as the number of subcarriers increased, but the bandwidth expansion due to the guard interval decreased.
We investigated the performance of the RS coded 16-QAM OFDM system when the number of subcarriers varied for various channel states under the condition of fixed total bandwidth and information rate. Under this condition, it was observed that there was an optimum number of subcarriers which minimized the post-decoding RS SER for each channel state. The performance of the system for pedestrian and high mobile speed was also investigated.
